The article presents a mapping of the residual strain along the axis of InAs/InSb heterostructured nanowires. Using confocal Raman measurements, we observe a gradual shift in the TO phonon mode along the axis of these nanowires. We attribute the observed TO phonon shift to a residual strain arising from the InAs/InSb lattice mismatch. We find that the strain is maximum at the interface and then monotonically relaxes towards the tip of the nanowires. We also analyze the crystal structure of the InSb segment through selected area electron diffraction measurements and electron diffraction tomography on individual nanowires. 
In recent times semiconductor research and development sectors embraced the use of III-V semiconductor nanowires (NWs) for high speed devices, 1 high frequency electronics, 2 and spin related applications. 3 Among these NWs, InSb NWs draw a special attention. From the basic physics point of view, finding Majorana fermions in InSb NWs in the presence of s-wave superconductors 4 or the manipulation of strong spin-orbit coupled qubit states, 5 have led to new dimensions in the research on this system.
The main hindrance in using lattice mismatched semiconductor nanostructures in any application is the occurrence of strain-induced defects in the system. However, it is claimed that the interfacial strain, which mostly appears in lattice mismatch of the NW materials, relaxes within few nanometers across the interface. 6, 7, 8, 9 For example, in a recent report, 6 using scanning transmission electron microscopy along with computer simulation and geometric phase analysis, it has been demonstrated that in InAs/InSb NWs the interfacial strain relaxes within 10 nm via both elastic deformation (misfit dislocations) and plastic deformation (plane bending). The misfit dislocations are observed at the center of the NWs, whereas the interfacial strain relaxes via the plane bending near the edge of the NWs.
In above references, electron diffraction measurements have been used to quantify the strain in NWs. Though, it is a direct probe to estimate strain by measuring lattice distortion, the resolution of the micrographs limits the measurable strain in a crystal structure. In general, using this technique, one is able to measure the strain of more than 1% in the crystal structure of semiconductor NWs. 8, 10 In comparison to electron diffraction measurements, Raman spectroscopy is more sensitive to the local strain in the crystal structure. However, the far field diffraction of light limits the spatial resolution of Raman scattering measurements while mapping the strain along the axis of the NWs. In this article we employ confocal Raman spectroscopy to We performed the selected area electron diffraction (SAED) measurements on a Zeiss Libra 120 operating at 120 kV. The measurements have been performed with the Digital Micrograph software by Gatan, using intensity profiles along the [111] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] directions, both having equivalent cubic symmetry.
The evolution of Raman spectra along the length of the NWs is shown in Figure 3(a) . The bottom-most spectrum was recorded when the light was focused on the part of InSb segment near the interface with the InAs stem, while the top-most spectrum was acquired near the tip of the NW (refer to the side panel of Figure 3(a) ). At room temperature, TO and longitudinal optical (LO) phonon modes of bulk InSb appear at 179.7 and 191.0 cm-1. 12 Each spectrum in Fig. 3(a) has been deconvoluted with two Lorentzian functions for TO and LO modes, keeping peak positions, widths and intensities as free fitting parameters. Deconvoluted spectra are shown as magenta lines for the lowest spectrum of Figure 3 Thus, the observed shift in the phonon mode may be due to a small variable residual As concentration along the length of the NW.
However, the formation of such alloy is, generally, confined within few nm near the heterointerface, while the length of our InSb segments is ~4 m. Moreover, InSb-like TO peak position in InAs x Sb 1-x does not change with As content x. 13 Thus, we rule out the possibility that the observed shift in the phonon mode in Figure 3(b) is due to a change in composition along the axis of the NW.
Second, the observed TO phonon shifts can be associated to phonon confinement effects.
However, the diameter of the NWs, used in our study, is too large (~100-200 nm) to shift their Raman peak. Hence, even a slight variation in the diameter of the NWs, from the base to tip, would not shift the phonon peak. .
Another explanation could be associated to the presence of residual strain along the NWs. In fact, the phonon frequency of a crystal depends on the interatomic force constants. Any local distortion in a perfect crystal structure modifies the deformation potential-optical phonon interactions in semiconductors. 14 This short range interaction is manifested in relative displacement of atoms at the zone center optical phonons. 15 The strain tensor components, arising from the static distortion in the crystal, result in non-identical movement of the atoms, and modify the phonon frequencies. The modified TO frequency can be related to the hydrostratic stress and shear stress along [111] ZB plane by and measured   from Figure 3 (b), the variation of hydrostatic and shear strain along the axis of InSb NW are plotted in Figure 4 . We find that both hydrostatic and shear strain do exist along the wire. They are maximum near the interface and gradually decrease along the axis of the NW. The measured strain varies from 0.06% to 0.28%.
Next we collected selected area electron diffraction (SAED) patterns at the bottom, center and top of the InSb segment in several NWs. Since electron diffraction has a poor resolution in determining the absolute value of the unit cell parameters (which could be related to the above measured weak strain), we focused the analysis on the determination of the distortion of the cubic crystal structure, which relays on relative measurements on equivalent parameters.
At first, we evaluated deformation of the structure in [011] zone axis pattern by comparing the d spacing along two equivalent (111) directions, one parallel and the other inclined to the NW axis ( Figure 5(a) ). We derived the two equivalent d 111 spacing by measuring the distances between Friedel pair reflections of the third order (i.e. 333 and -3-3-3, see arrows Figure 5 (a)). In all cases the differences between the two d-spacing were within the experimental error while the maximum noticeable difference being 3.68±0.03 Å against 3.72±0.03 Å.
Next we measured the cell parameters on a 3-dimensional reconstruction of the reciprocal space ( Figure 5(b) ) obtained with the electron diffraction tomography technique (EDT). 18 In EDT a set of diffraction patterns are collected while the sample is rotated around the goniometer axis in steps of the order of 0.5° for a total angular range of 60°. It is possible to obtain the unit cell parameters from the position of the diffracted spots in the three dimensional reconstruction, derived from the recorded patterns with the PETS software 19 .
To check possible distortions of the cubic structure we indexed the cubic face centered cell with a primitive rhombohedral cell, which should havein case of an undistorted lattice a=b=c and α=β=γ=60°. In our NWs the distortion in the lattice is found to be beyond the sensitivity of the technique. The maximum measured difference between the two lengths is 4.40±0.04 Å against 4.44±0.04 Å and between the two angles is 59.3±0.5° against 59.9±0.5°.
In summary, confocal Raman measurements, which is highly sensitive to the atomic-scale local disorder in a crystal structure, allowed us to observe a weak residual strain of ~0.2% in our NWs. The observed strain gradually decays from the interface towards their tip of the InAs/InSb NW. Conversely, the measured strain is extremely weak to be detected by SAED or EDT measurements, within the resolution limit of these experimental techniques. In fact, as most of the reports in the literature, claiming the strain relaxation at the interface in NWs, are based on electron diffraction techniques, the residual strain may not have been detected earlier.
We believe that our studies may pave way for better understanding of strain release mechanisms in heterestructured NWs. 
